This study concentrates on finding a possible method of annealing amorphous silicon solar modules degraded by prolonged exposure to light. The aim of annealing is the recovery of initial efficiency. This should be done on the module's work site or through simple indoor maintenance. Ideally the annealing temperature should be as low as possible and the annealing time as short as possible. The annealing process of laboratory cells and commercially available triple junction solar modules was performed at temperatures 70 ºC -110 ºC. The degree of efficiency recovery as a function of temperature and time of exposure to heating was investigated. The influence of factors affecting the rate of degradation and recovery such as short-circuiting, work under load or exposure to light, were also taken into account.
INTRODUCTION
The electronic properties of hydrogenated amorphous silicon exhibit degradation when exposed to light for a long period of time (Staebler -Wronski effect [1] ). As a result of this effect the performance of hydrogenated amorphous silicon (a-Si:H) solar cells is reduced by prolonged exposure to sunlight (in simple single junction cells by approx. 25 % after a few hundred hours). This degradation of efficiency can be reversed by 2 -3 hours of annealing at elevated temperatures (150 ºC -180ºC) [1] and can be easily achieved for small laboratory cells. In solar modules the matter is much more complicated as the area of annealing is larger and panels are on the work site. It would be desirable to keep panels working at efficiency close to its maximal value at all times. Finding a simple effective way of annealing modules is the basic idea of the investigation described in this paper. It investigates the way solar panels can be regenerated preferentially on the work site or through simple indoor maintenance (even if intermittently to maintain their efficiency close to the maximal initial value). Some attempt of regeneration of solar cells in open air has been undertaken earlier. D. E. Carlson and K. Rajan [2] performed research on the recovery of amorphous silicon cells by exposing them to very high intensity light for a short time period of a couple of hours. They simultaneously applied reverse voltage biasing to solar cells. Although they were able to get substantial recovery of efficiency, the process was extremely inefficient in terms of energy consumption and very difficult to implement in the field. Regeneration of Carlson's samples occurred most likely not due to extremely high light intensity, but rather due to the associated heat. Light may play some role in regeneration as an earlier study of Fujikake et al. [3] suggests, but it seems that thermal energy is most responsible for the effective recovery of efficiency. Based on the above experiences this investigation concentrates on the role of heat with a possible auxiliary role of light in the annealing process of modules. Our investigation on triple junction solar modules attempts to answer the following questions: 1. What is the minimal temperature necessary for the regeneration process to occur effectively and how does increasing temperature accelerate the process of recovery? 2. What is the shortest possible time of exposure to heat to obtain a substantial degree of initial efficiency recovery? 3. What is the influence of other external condition of the annealing process (short circuiting of panels, the workload on the cell or under biasing)? 4. Is exposure to low light intensity able to facilitate the process of annealing? The process of annealing was performed in the laboratory after the full process of degradation was completed.
EXPERIMENTAL
This research was concentrated on the degradation and subsequent recovery of the initial efficiency of amorphous single junction solar cells prepared in our laboratory and triple junction amorphous silicon (germanium) solar modules type US-11, received from United Solar Systems Corporation. Degradation of laboratory single junction solar cells was performed at standard conditions -1 sun (100 W/m²) at 35 ºC. These cells were standard amorphous silicon solar cells deposited at 225 ºC on a glass substrate covered with a conducting oxide. (The dimension of each cell was approx. 0.05 cm²).These cells were degraded in the laboratory at simulated sun light. All modules were degraded outdoors in the field by exposure to southern hemisphere sun throughout all seasons of the year. In the first stage of regeneration study, investigation was done on small amorphous silicon solar cells produced in our laboratory and later on triple junction modules. Recovery was performed in the laboratory using a set of commercial heating lamps produced by Philips Lighting Co. Temperature was controlled by a thermocouple attached to the cell or module. It was controlled to vary in a range from 70 to 110°C. Some panels were annealed at open circuit conditions some were short-circuited or connected to the load of 50 ohms. Others were also exposed to low intensity light during annealing. Current -Voltage characteristics of cells and modules were collected at different stages of the process to monitor the efficiency and determine the degree of degradation or recovery. Fig.1 shows the degradation rate of investigated laboratory single junction solar cells and commercial triple junction amorphous silicon (germanium) modules. The degradation rate of amorphous silicon triple junction laboratory solar cells (adopted from Saito et al. [4] ) is also presented for comparison. Fig.1 . Degradation of efficiency for module US-11 (under day sunlight illumination). For comparison degradation of laboratory single junction solar cell and triple junction laboratory cell (adopted from ref. [4] is also presented).
RESULTS AND DISCUSSION
The degradation of laboratory single junction solar cells occurred quickly -samples are degraded almost entirely after 10 days of light exposure. The degradation of efficiency of triple junction solar cells at the same conditions occurs more slowly; at least 40 -50 days were necessary for almost full degradation [4] . This is expected as triple junction solar cells consist of thinner cells, therefore, less affected by the Staebler-Wronski effect [4, 5] . Amorphous silicon modules examined in this study (see Fig.1 ) initially degraded slower than triple junction laboratory cells. In most cases degradation occurred very slowly during the first week due to day sunlight exposure only as well as a self-annealing process in solar radiation, with temperatures of modules exposed to sun light often reaching 60 ºC -80 ºC (especially during Australian summer time). There are of course also some seasonal differences in degradation patterns; during the Australian winter the intensity of sun light is lower, and additionally self annealing is less effective due to lower temperatures (seasonal differences in cell performance is well known from literature, eg. [6, 7] ). The final degree of degradation for modules was slightly higher than for triple junction laboratory cells. Relatively slower degradation of modules may be very important for the frequency of an annealing cycle as well as the entire effectiveness of the method investigated. Detailed investigation of the process of recovery of degraded efficiency of laboratory single junction cells revealed that the degree of recovery clearly depends on the temperature at which recovery was performed and the time of exposure to heat. Partial recovery starts at temperature of 70 ºC and the degree of recovery increases with increasing temperature until approx. 110°C. However, the process is substantially slower than for standard annealing temperature of 160 ºC -180 ºC. Overnight exposure (12 -15 hours) at above 100 °C is sufficient to achieve full recovery of degraded efficiency. Therefore, the regeneration outcomes on laboratory single junction solar cells carried out in our laboratory at temperatures close to 100 ºC provided encouraging results for subsequent trials on the regeneration of modules. Comprehensive investigation of panel regeneration is not yet completed, however initial results also seems very encouraging (see Fig.2 ). The exposure of modules to a slightly increased temperature (65 ºC -75 ºC) does not seem to be very effective in the process of efficiency recovery. It is difficult to observe a noticeable recovery during a reasonable period of time (12 -24 hours). Only partial recovery of approx. 20 % can be achieved after 3 days of heating. An increase in temperature to 85 ºC causes remarkable recovery although the process is still relatively slow (more than 12 hours) in comparison with the standard annealing of laboratory samples (2 -3 hours). For most samples it is only possible to obtain approx. 50 % -60% of full recovery. An increase in temperature to 90 ºC -95 ºC causes an increase in the degree of recovery to 70 % -75 %. Further increase in temperature to approx. 100 ºC -110 ºC is surprisingly not much more beneficial for substantial acceleration of efficiency recovery. The degree of recovery in this case increases slightly, but by no more than 10 % (which is approx. at the level of our experimental error). However, it is still necessary to expose modules for more than 12 hours to observe 75 -85 % of recovery. Furthermore annealing for 3 days provides no additional recovery. This suggests that the optimal annealing temperature is in the range 90 ºC -95 ºC.
The results presented above prove that the time of exposure to heating is a very important factor in the process of regeneration of cells and modules. With a short time exposure (a couple of hours) it is not possible to observe a noticeable recovery of conversion efficiency, even at higher temperatures. Exposure for a longer period of time (eight hours or overnight) is sufficient to provide a partial reversal of degradation of efficiency. Additional exposure to heating treatment at temperature higher than 90 ºC is not effective in the further recovery of module efficiency. The combined effort of long exposure and increased (above 100 ºC) temperature is also not effective in acceleration of the recovery process or in achieving a full recovery of degraded efficiency.
Investigation was also performed on panels shortcircuited or connected to a small load (approx. 50 Ω). Exposure in these conditions (see Fig 2 lead to some improvement in the rate of recovery as well as in the degree of efficiency recovery. For shorter periods of time (8 -10 hours) the degree of recovery slightly increases and for periods of exposure over 12 hours it is possible to get approx. 80 % -85 % recovery. This seems to be an important result suggesting that further study is required.
The last factor taken into account in our investigation was the possible influence of exposure to low intensity visible light (approx. 0.1 of 1 Sun). Modules were also exposed to light at temperature of 90 ºC with or without short-circuiting, and with or without low load condition. Thus the modules were forced to work idly. Surprisingly no clear visible influence was noticed. Observed changes were below the level of experimental errors. It is possible that the intensity of light was not selected properly.
The patterns of recovery of degraded efficiency for triple junction modules is similar, but not exactly the same as for the laboratory cells. The degree of recovery increases with time exposure to heat (in the range of 6 -12 hours) and with increasing temperature (in the range 70 ºC -100 C). However, for triple junction modules it is not possible to achieve full recovery even at 110 ºC.
Temperatures above 100 ºC may not be safe or practical for panels. Ideally, it is preferable to anneal panels at temperatures below 100º C.
The difference in the degree of recovery between individual modules was substantial -at times 20%. Additionally, the experimental error of measurements was not small -at least 10% of the degree of recovery. Small laboratory cells can be well covered by a uniform field of temperature and well treated. In the case of much larger modules full recovery was not reached partially due the temperature on the module surface not been uniformwith the sides of modules close to the aluminium frame having temperatures approx. 10 ºC lower than the centre of the modules. There is a suspicion that the experimental error in temperature might be not small; the real temperature of amorphous layers could be higher than measured by the thermocouple on the surface of the annealed module. As the behaviour of modules depends on the season of the year, it is necessary to find out at which stage of degradation, the regeneration process is most effective in summer and winter conditions. It is also necessary to check how safe modules materials (encapsulation) and workmanship are at proposed temperature changes occurring once a fortnight during the regeneration of modules.
CONCLUSION
After successful trials on laboratory cells it was expected that the same can be achieved for modules, however, the full recovery of their degraded efficiency was not achieved in most situations. The method is at this stage far from optimal. Very rough estimation of the cost associated with treatment shows that we may need to use 5 times more energy for annealing than we can subsequently obtain from regenerated modules. The cost can be relatively easily decreased if lamps of lower power are used and lamps with modules are covered by a hood or similar thermal insulation. This kind of protection would be necessary if modules were to be treated on the work site. As usual further studies are required for the optimisation of the proposed method. However, from the results of this investigation it is clear that thermal annealing of modules at lower temperature (most probably 90 -95º C) is possible. The annealing process lasts at least 12 -15 hours and short circuiting by small resistance may shorten it slightly. Modules can be treated overnight by a heating apparatus at the working site or through simple indoors maintenance and resumed to function the following day with their efficiency very close to pre-degraded values.
